Introduction
Poly(vinylidene-uoride) (PVDF) lms are used in a wide variety of applications such as hydrophobic coatings in architecture, membranes for microltration, gas separation or water desalination, and as ferroelectric memories for data storage. Each application has its own requirements on the microstructure. For instance, PVDF membranes are about 250 mm thick lms characterized by an open porous structure with a high specic surface area. On the other hand, ferroelectric transistors require much thinner lms, of about 100 nm, that are pinhole-free to prevent electrical shorts.
Polymer-based micro-porous membranes are typically prepared by controlled phase separation of polymer solutions into two phases, one with a high-and one with a low-polymer content.
1,2 The concentrated phase solidies shortly aer phase separation and forms an asymmetric membrane, meaning that the pore size varies from top to bottom. The phase separation can be induced by thermal energy or by incorporation of a nonsolvent. PVDF membranes, widely used due to their good chemical and thermal stability, 3 can be prepared by wet-inversion or immersion precipitation. Right aer casting, a thick PVDF lm is immediately immersed in a bath of a non-solvent that is fully miscible with the casting solvent. The phase separation then occurs due to exchange of solvent and non-solvent. The rapid mass transfer however can yield macro-voids that limit the functionality of the membrane. 4 To circumvent this problem and for applications that require larger surface pores, vapor-induced phase separation (VIPS) is typically applied.
Here, a PVDF lm is cast from N,N-dimethylformamide (DMF), a high boiling point solvent that evaporates slowly. Water vapor from humidied air is fully miscible with DMF and penetrates the wet lm by diffusion. The evaporation of DMF is slower than the intake of water. Since water is a non-solvent for PVDF, phase separation occurs. Highly porous PVDF membranes with pore diameters ranging from microns to sub-microns can then be prepared. The phase separation itself is a complex interplay between the equilibrium thermodynamics and mass transfer kinetics, which is, nonetheless, well understood.
5,6
In contrast, microelectronic applications such as ferroelectric memories for data storage require much thinner lms of about 100 nm. The lms should be pinhole-free to prevent formation of electrical shorts. However, PVDF lms have a "cloudy" appearance and are notoriously rough. [7] [8] [9] [10] [11] [12] The porosity of PVDF lms can be so pronounced that it prohibits electrical characterization. 7, 8 Although smooth ferroelectric lms of 300 nm or more could be prepared by thermal annealing directly aer deposition under ambient conditions, thinner lms as required for low-voltage operation still crystallize in a porous lm. 9 In addition, it has been reported that the PVDF lm surface resulting from spin-coating is too rough to be applicable in microelectronics.
10 A breakthrough would be the realization of homogeneous and smooth thin PVDF lms with roughness in the nanometer regime. To this end, the origin of cloudiness and surface roughness needs to be elucidated.
Cloudy lms were rst observed in a study of spin-coating of negative electron-beam resist, where the hygroscopic solvent DMF was used. 13 The morphology of the scattering lms originates from the precipitation of the polymer caused by moisture in the ambient atmosphere. The cloudy appearance can be prevented by spin-coating in a nitrogen atmosphere 13 or by using an elevated substrate temperature.
14 Smooth lms of PVDF have been reported using humidity-controlled spincoating. 10, 11 Two extreme examples of lms prepared at highand low humidity are presented in Fig. 1 . We demonstrate that optical-quality smooth lms can be prepared either at low relative humidity or at elevated substrate temperature.
We systematically investigate the morphology and the macroscopic optical properties of nominal 1 mm thin PVDF lms as a function of substrate temperature and relative humidity. The roughness and microstructure of the lms are characterized by atomic force microscopy (AFM) and scanning electron microscopy (SEM) measurements. The optical properties are characterized by haze and clarity measurements. The absorbance as a function of wavelength is quantitatively related to the surface roughness. The data extracted are explained using compositional trajectories through the isothermal ternary phase diagram of the PVDF/DMF/water system that was previously derived to analyze PVDF membrane morphology. The generality for formation of cloudy and scattering thin lms of any polymer/solvent/non-solvent system is discussed.
2. Experimental PVDF (M w ¼ 180 kg mol À1 ) was purchased from Sigma-Aldrich and used as received. PVDF has a very limited solubility in common organic solvents. PVDF is typically dissolved in polar solvents such as DMF, dimethyl sulfoxide (DMSO), N-methylpyrrolidone (NMP) or dimethylacetamide (DMAc). Here, PVDF was dissolved in DMF, typically at 10 wt%. The dissolution temperature of 100 C is above the critical dissolution temperature 15 of about 40 C to ensure thermodynamic equilibrium. At low temperature very small crystallites exist, due to partial dissolution or refolding of the polymer chains, which serve as nuclei when the solution is recrystallized. The nuclei cannot be destroyed with longer dissolution time, but only by raising the dissolution temperature.
15 Spin-coated PVDF lms can be inhomogeneous over the substrate. In agreement with literature reports 16 lms can be opaque in the center and transparent at the edges. To fabricate uniform lms, wire-bar (Meyer rod) coating was used (K202 control coater, RK Print). An additional advantage of wire-bar coating is the accurate control of the substrate temperature that was varied between 20 C and 120 C. Thoroughly cleaned glass was used as a substrate. To set the relative humidity between 0% and 60%, a PerspexÒ box was built around the coater. The inside was ushed with humidied nitrogen for about half an hour until the set relative humidity was constant. We note that 0% does not mean completely water free. The actual concentration is only below 0.01%, which is the detection limit of the hygrometer. In the rest of the manuscript we use for short 0%.
The thickness and roughness of PVDF lms were measured with a surface prolometer. The topography was investigated with an AFM (Nanoscope Dimension 3100, Bruker). The microstructure was investigated with a low voltage SEM (LVSEM) using a Zeiss 1530 Gemini or a Hitachi SU8000 microscope for different resolutions. Micrographs were acquired at an accelerating voltage of 400 V. Samples were not coated.
The crystal structure of the lms was characterized by grazing incidence X-ray diffraction, using a Philips X'pert MRD diffractometer. All PVDF lms, irrespective of the substrate temperature and relative humidity, crystallized in the paraelectric a-phase.
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The standard (industrial) optical characteristics haze and clarity were measured for the thin lms with a "Haze-gard plus" instrument (BYK Gardner GmbH, Germany). In this test, haze is commonly dened as the portion of visible light that is scattered at wider angles (2.5 < q < 90 ) and is a measure for the turbidity of a sample. Clarity, on the other hand, usually refers to the scattering contribution at small angles (q < 2.5
) and is related to the sharpness of an object when viewed through the sample (cf. manual of Haze-gard plus). Steady-state UV-vis absorption spectra were measured using a Perkin-Elmer Lambda 25 spectrophotometer.
Characterization of PVDF thin films
The thickness and roughness as a function of substrate temperature are presented in Fig. 2 for lms fabricated at a relative humidity between 0% and 60%. The solid lines are a guide to the eye. At 0% relative humidity the layer thickness is about 1 mm, and independent of the substrate temperature. These benchmark lms are extremely smooth; the rms roughness is less than 10 nm. It indicates that the lms are dense. Fig. 2 shows that the layer thickness and roughness systematically increase with increasing humidity and decreasing substrate temperature. Each as-cast wire-bar coated lm contains the same amount of solution and therefore the same amount of PVDF. The measured increase in layer thickness implies that the lms are not dense but porous, as corroborated by SEM measurements.
Representative SEM micrographs are shown in Fig. 3 . In  Fig. 3a , the lms were deposited at room temperature, 20 C, and the relative humidity was varied between 0% and 60%. The top view images are presented on the le and the corresponding cross-sections, obtained by breaking the glass substrate, on the right. The top view micrographs show that at high relative The 1 mm thick films were deposited on glass substrates at room temperature at a relative humidity of (a) 60% and (b) 0%. At low humidity an optically clear, dense, smooth film is obtained. At high relative humidity the film has a cloudy appearance. The film is porous with a roughness that is comparable to the film thickness.
humidity the lm is porous and consists of loosely connected particles of PVDF. With decreasing relative humidity, the PVDF spheres get more and more connected. At 0% relative humidity, a homogeneous dense smooth lm is obtained, without any pinholes. The size of the primary particles increases with decreasing relative humidity. The corresponding cross-sections show that the spheres get attened, more like pancakes. We note that qualitatively the same dependence on substrate temperature and humidity is found when using spin-coating as a deposition technique. However the changes in morphology are not so pronounced, due to the faster drying of spin-coated lms, i.e. less intake of water.
In Fig. 3b , the relative humidity was xed at 25% and the substrate temperature was increased from 20 C to 100 C. Again, the top view gure shows that at low temperature the lm is porous and consists of loosely connected particles of PVDF.
The corresponding cross-section shows monodisperse hemispheres with a diameter of about 3 mm. The PVDF spheres coalesce with increasing substrate temperature. Above about 90 C a homogeneous dense smooth lm is obtained. In contrast to 17 This type of growth is also characteristic of thin evaporated metal lms on nonwetting surfaces. In the initial stage nuclei are formed that grow by capturing ad-atoms. In the subsequent coalescence stage touching nuclei transform into a single entity with lowering of the surface free energy as the driving force. In the nal stage the individual nuclei grow at a faster rate than that of the coalescence events, leading to more and more continuous lms with separation of the nuclei by voids or grain boundaries. Here the pictures of Fig. 3 show phenomenologically the same behavior albeit that the mechanism, phase separation, is completely different.
To investigate the primary PVDF particle size we performed AFM measurements. Representative height images for a relative humidity of 25% and 60% are presented in Fig. 4 . At low substrate temperature the lms are porous and at high substrate temperature dense lms are obtained. The primary particle size for the full datasets is presented in Fig. 4b . The average diameter amounts to 3 mm, similar to that extracted from the SEM micrographs shown in Fig. 3b . At elevated temperatures the diameter is humidity independent, although the shape changes with temperature from a hemisphere to a pancake. This is corroborated by calculating the power spectral density (PSD) as a function of spatial frequency from the AFM height proles. 18 This analysis reveals two correlation lengths. One length corresponds to the particle diameter, about 3 mm, while the other one depends on the substrate temperature and might be related to the size of the pores. The microscopic details of the microstructure are reected in the optical properties. Therefore we measured the absorption as a function of wavelength. The spectra of lms deposited at a humidity of 0%, 5% and 60% for representative substrate temperatures between 20 C and 120 C are presented on a double logarithmic scale in Fig. 5 .
The lms prepared at low humidity or at high substrate temperature show interference fringes, which demonstrates that these lms are extremely smooth. It is well known that any interference effect is immediately destroyed when the lm thickness is not uniform or when the layer is rough. The smoother the lm, the lower the absorbance and the more pronounced the interference fringes. We note that from the interference fringes either the layer thickness or the index of refraction can be determined.
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PVDF has a band gap of about 6 eV. 20 The transmission loss therefore cannot be due to bulk PVDF absorption but is due to light scattering instead. The roughness increases with increasing humidity and decreasing substrate temperature. Fig. 5 shows that concomitantly the absorption increases. Furthermore, Fig. 5 shows that the dispersion is described by straight lines, meaning that the absorption decreases with the square root of the wavelength, indicative of Mie scattering.
To quantitatively describe the optical absorption coefficient, a, we use a theory developed to evaluate the optical properties of microcrystalline silicon thin lms and solar cells. 21 The formalism for the surface and bulk light scattering has been evaluated from transmittance, reectance and absorbance measurements over a broad spectral region. 21 The light scattering occurs both at bulk inhomogeneities, such as voids, and at the surface. Both effects lead to the attenuation of the specular reected and transmitted beams and to an enhancement of the absorption. The thin lms investigated exhibited an rms roughness as measured with an AFM between 10 and 40 nm. Because the Fourier transform analysis of the AFM data revealed a small correlation distance, the scalar scattering theory for random rough surfaces with a small correlation distance could be used. 21, 22 The scattering coefficient, a sc , could therefore be related to the rms surface roughness, s rms , as follows:
where d is the layer thickness, n f and n a are the refractive indices of the lm and the ambient, and l is the wavelength of light.
Here we apply this equation for the PVDF lms. We assume that the absorption coefficient is dominated by the scattering coefficient. The calculated absorption, using a value of 1.4 for the index of refraction of PVDF, 20 is presented as a function of the measured absorption in Fig. 6a . The calculations were performed at wavelengths of 400 nm, 600 nm and 800 nm. Good agreement is obtained for lms with a roughness up to about 100 nm. For rougher lms the aforementioned approximations do not hold and eqn (1) is not applicable.
To demonstrate the agreement we replot in Fig. 6b representative absorption spectra of lms prepared at a humidity of 5% at various substrate temperatures. The dashed lines are calculated using eqn (1) . Excellent agreement with the measured absorption is obtained, which is remarkable taking into account that there are no adjustable parameters. Furthermore, the agreement is extraordinary, considering that the assumption of a small coherence length is not fullled. From the PSD analysis of the AFM data we arrive at a coherence length of 3 mm, much larger than the wavelength of light. Why the scattering is relatively insensitive to the details of the microstructure of the PVDF lms is not yet understood.
The macroscopic optical properties were characterized by measurements of clarity and haze. Haze is a measure of cloudy appearance and is dened as the fraction of transmitted light that deviates from the directly transmitted beam at angles larger than 2.5
. Haze can originate from internal or bulk scattering due to e.g. differences in refraction indices at grain boundaries, or from surface scattering. For the present 1 mm thick PVDF lms, the haze is mainly caused by surface scattering. The surface haze is a complex interplay between roughness and correlation length. A general description cannot be derived because the details of the microstructure are crucial. Approximate analytical solutions for haze and clarity and the dispersion thereof have been reported, e.g. for Gaussian randomly rough surfaces with various types of correlation functions. 23 Here, we measured the industrial standard haze and clarity values by using white light. The values obtained are presented in Fig. 7 as a function of substrate temperature. At 0% relative humidity the layers are smooth and the haze is therefore 0%. The haze mimics the surface roughness, cf. Fig. 2 ; it increases with humidity and decreases with substrate temperature. For completeness we measured the clarity or gloss. In the optical industry, gloss is used extensively to quantify the visual appearance. However, it does not show the same prominence as haze. In fact, the term clarity does not even have a rigorous scientic denition. The industrial standards are different in e.g. North America and Europe. At 0% relative humidity the layers are smooth and the clarity is 100%. The clarity decreases with relative humidity and increases with substrate temperature. We note that clarity and haze are manifestations of surface scattering. To exclude any contribution of bulk scattering, we applied an index matching liquid on top of the lm. Then all lms became clear and transparent. We measured a haze of about 0% and a clarity of about 100%.
Comparison of PVDF thin films and VIPS membranes
Vapor induced phase separation (VIPS) for membrane formation has been well-documented, and the underlying mechanisms are well-understood. Membranes are formed in a ternary system of polymer/solvent/non-solvent, where the solvent and non-solvent are fully miscible and the solvent, typically NMP, DMSO or DMF, has a high boiling point. Membranes are formed by phase separation induced by in-diffusion of the nonsolvent, typically water. Examples of polymer membranes are, apart from PVDF, polysulfone, 24 polyetherimide 25 and polyethersulfone. 26 In this section we present a brief overview of the formation of PVDF membranes by VIPS. The membrane morphology is related to the compositional trajectory through the ternary phase diagram. The same phase separation occurs in wire-bar coated lms. The link to the well-established eld of PVDF membrane formation by VIPS explains the morphology as a function of substrate temperature and humidity. The formation of cloudy thin lms comprising other ternary systems will be discussed. (1) presented as a function of the measured absorption. The calculations were performed at wavelengths of 400 nm, 600 nm and 800 nm using as input the measured rms roughness and an index of refraction for PVDF of 1.4. Only films with a roughness of up to 100 nm were analyzed. For rougher films the approximations in the derivation of eqn (1) 
Morphology of the PVDF membrane formed by VIPS
The formation of PVDF membranes by VIPS is schematically depicted in Fig. 8a . A PVDF lm is cast from DMF, a high boiling solvent that evaporates slowly. Water vapor from humidied air is fully miscible with DMF and penetrates the lm by diffusion. The evaporation of DMF is slower than the intake of water.
Since water is a non-solvent for PVDF, phase separation occurs. The phase separation itself is a complex interplay between the equilibrium thermodynamics and mass transfer kinetics, which is, nonetheless, well-understood. 5, 6 VIPS is elucidated in Fig. 8b where the isothermal ternary phase diagram of PVDF/DMF/ H 2 O, as extracted by Matsuyama et al., 5, 6 is schematically presented. In their work the binodal and spinodal lines were calculated from the Flory-Huggins parameters and the isothermal crystallization line was obtained from the melting point depression. The mass transfer was calculated by solving the one dimensional diffusion equations.
To verify the calculations, Matsuyama et al. prepared 256 mm thick cast PVDF lms at room temperature and kept them in controlled humidity. The membrane morphology was experimentally characterized by SEM and compared with the calculated composition path in the phase diagram. 6 Good agreement was obtained. 6 The morphology of the membranes could be explained from the compositional trajectories through the phase diagram of Fig. 8b . The pink line shows a case for a low relative humidity where the compositions do not cross the binodal. The wet lm then is stable, liquid-liquid phase separation cannot occur and a dense microstructure is obtained. The purple line shows the hypothetical case at a higher relative humidity where the composition of the membrane crosses the binodal upon drying but does not cross the spinodal. Because the composition is above the critical point, in the metastable region between the binodal and spinodal, liquid-liquid demixing occurs; the microstructure evolves through nucleation and growth and eventually coarsens. A membrane will be obtained with isolated cellular pores. At very high humidity, represented by the yellow line, the composition crosses the spinodal and enters the unstable region. The spinodal decomposition then leads to a lace-like structure of loosely connected globular spherulites. In short, the compositional trajectories explain the formation of the microstructure of membranes.
Finally we note that the morphology of the PVDF membrane depends on the type of non-solvent. When water is used as the non-solvent the compositional trajectory crosses the crystallization line without rapid crystallization as a result of instant liquidliquid demixing. When 1-octanol is used, mass transfer is slower and liquid-liquid demixing is suppressed. The PVDF membrane then exhibits a crystallization-controlled morphology.
27 Fig. 7 Macroscopic optical properties. (a) Haze and (b) clarity of PVDF thin films presented as a function of substrate temperature during wire-bar coating. The relative humidity was varied between 0% and 60%. Haze is a measure for the turbidity of the film, associated with loss of contrast at wide angles. Clarity is related to the sharpness of an object when viewed through the sample at small angles. 
Morphology of PVDF thin lms
The phase separation mechanism is operative not only in the formation of membranes but also during drying of thin lms. Hence, thin lms of these systems are prone to develop a "cloudy" appearance, i.e. rough scattering thin lms. Just as for membranes, the morphology of the PVDF thin lms is determined by the trajectory through the phase diagram upon drying, Fig. 8b . The phase diagram gives the stability borders in thermodynamic equilibrium while the composition path is determined by kinetics of in-diffusion of water and out-diffusion of DMF. Qualitatively, the same morphology is obtained for thick membranes and wire-bar coated thin lms.
The pink line represents a low humidity where there is no water intake in the lm. Hence there is no phase separation and smooth dense lms are obtained, as shown by the corresponding pink-framed SEM micrograph in Fig. 8c . The water intake can also be suppressed by using a high substrate temperature. Then the drying time decreases. The solvent, DMF, evaporates faster and there is less time for the in-diffusion of water, hence smooth lms are obtained as well. This kinetic argument is supported by the fact that spin-coated lms, which dry faster than wire-bar coated lms, are smoother. The kinetic argument is further supported by literature reports, 16 showing that spin-coated PVDF lms can be opaque in the center and transparent at the edges.
In the other extreme case, the yellow line, at high humidity and low substrate temperature the morphology of the wire-bar coated PVDF lms follows from spinodal phase separation and subsequent crystallization. The corresponding yellow-framed SEM micrograph in Fig. 8c shows that the microstructure consists of a lace-like structure of loosely connected globular particles.
The purple-framed micrograph in Fig. 8c shows an SEM picture obtained in an intermediate temperature and humidity range. When the compositional trajectory follows the purple line then a microstructure characteristic for coalescence by nucleation and growth is expected. We note however that this specic micrograph might also be explained by spinodal decomposition. The micrograph might show one or more characteristic length scales, which would indicate spinodal decomposition rather than nucleation and growth. The length scales are then determined by the curvature in the free energy of mixing, which will become more negative at higher humidity. In reality the metastable region between the binodal and spinodal is small, which experimentally hampers the unambiguous identication of nucleation and growth.
In general, the phase separation mechanism is operative not only in the formation of membranes but also during drying of thin lms. Hence, thin lms of these systems are prone to develop a "cloudy" appearance, i.e. rough scattering thin lms. When high boiling solvents, such as for PVDF, cannot be avoided, smooth thin lms can still be fabricated either by reducing the relative humidity or by increasing the substrate temperature. Apart from PVDF, examples are for instance electron-beam resist 13 and poly(N-vinylcarbazole) (PVK). 14 
Outlook
To realize low-voltage operation, crucial for any micro-electronic application, ultra-thin and smooth lms are required. In this study we showed that when high boiling solvents, such as for PVDF, cannot be avoided, smooth thin lms can still be fabricated either by reducing the relative humidity or by increasing the substrate temperature. It has now been demonstrated that ultra-thin lms of PVDF can be realized by spincoating. 28 In lms of only 10 nm the surface roughness is less than 1 nm. With this improved processing the ferroelectric dphase of PVDF is switched with a voltage below 5 V using 18 nm thick lms. The achievement of ultra-thin, smooth and pinholefree lms of PVDF paves the way for integration of ferro-and piezoelectric properties into micro-electronic devices. In addition, thin and smooth PVDF is a worthwhile candidate for photonic applications 29 due to its chemical and environmental stability. The surface roughness and smoothness presented here is sufficient to prevent optical losses in planar waveguides of PVDF. Furthermore, PVDF can be used to incorporate complex material functionalities enabling electro-optic effects.
Summary and conclusion
PVDF thin lms were fabricated by wire-bar coating from a DMF solution. The substrate temperature was varied between 20 C and 120 C and the relative humidity was varied between 0% and 60%. All lms crystallized in the paraelectric a-phase. The layer thickness and roughness systematically increase with increasing relative humidity and decreasing substrate temperature. In the case of 0% humidity or at high substrate temperature, the layers are 1 mm thick and extremely smooth. In contrast, at high relative humidity and low substrate temperature, the lms are not dense but porous; the rms roughness can be equal to the layer thickness. The morphology changes from a dense smooth lm to a lace-like structure of loosely connected globular particles. In the intermediate temperature and humidity range the morphology is described as coalescence by nucleation and growth. The average diameter of the primary particles is about 3 mm. The macroscopic, industrial standard optical properties were characterized by measurements of clarity and haze. The microscopic details are reected in absorption measurements. The observed interference fringes demonstrate that the layers fabricated at low humidity or at high substrate temperature are of high optical quality. The absorption of the cloudy lms could quantitatively be described as a function of rms roughness without any adjustable parameter.
The morphology originates from vapor-induced phase separation (VIPS), a process that has been well-documented for the fabrication of PVDF membranes. In the absence of water no phase separation occurs and the lms are smooth and dense. In the extreme case of high humidity and low substrate temperature spinodal phase separation occurs followed by subsequent crystallization. In the intermediate cases the compositional trajectory crosses the binodal in the isothermal phase diagram. Liquid-liquid demixing occurs followed by nucleation and growth. We argue that cloudy thin lm formation is a general problem of any ternary polymer/solvent/non-solvent system where a high boiling point solvent is used that is fully miscible with a non-solvent from the ambient.
